Abstract During the second period of China ''Tanyue'' Project, the explorer will softland on the moon. The cushion engines are used to decelerate the explorer and reduce the impact on the lunar ground. It is necessary to study its plume effects on the explorer component. The self-developed PWS (Plume WorkStation) software based on direct simulation Monte Carlo (DSMC) method is used to simulate the plume effects of two 150 N engines. Due to the complex structure of the explorer, PWS uses a decoupling method to treat the boundary mesh, which mainly interacts with simulation particles, and has no relation with the computational grids. After the analytical expressions of plane surfaces and curved surfaces of each boundary block are given, the particle position within or without the boundary blocks can be easily determined. Finally the 3D plume field of two 150 N engines is simulated. The pressure, temperature and velocity distributions of plume field are clearly presented by three characteristic slices. The aerodynamic effects on the explorer bottom, the landfall legs and antenna are separately shown. The compression influence on the plume flow of four landfall legs can be observed.
Introduction
Moon exploration is one of the most important objectives of Chinese astronautics career. According to the known facts the environment of lunar surface is highly vacuum, nonmagnetic, low gravitational, and clean. It is an ideal location for earth observation and deep space exploration. During the second period of China ''Tanyue'' Project, the explorer would softland on the moon with the help of cushion engines. The cushion engines are used to decelerate the explorer and reduce the impact on the lunar ground. Three types of engines are applied: twelve 10 N thrusters, twelve 150 N thrusters and one variational thruster, of which the thrust can varies from 1500 N to 7500 N.
Due to the complex structure of explorer and large number of engines, it is necessary to consider the engine plume effects on the other equipments loaded on the explorer. The effects mainly consist of two parts: the aerodynamic force and thermal influence of engine plume. The aerodynamic force may exert a disturbance torque on the explorer centroid, which can be large enough to result in the explorer reversal. The aerodynamic thermal load may heat the solar battery and sensors and induce the wrong readings and degrade their performance.
The direct simulation Monte Carlo (DSMC) method, developed by Bird is usually utilized to numerically simulate the rarefied plume field. 1 In the several decades many simulation software based on DSMC method are proposed, such as DAC (DSMC Analysis Code) developed by LeBeau in Johnson Space Center, [2] [3] [4] SMILE (Statistical Modeling In Lowdensity Environment) by Ivanov in the Institute of Theoretical and Applied Mechanics of Russia, [5] [6] [7] [8] [9] [10] and MONACO by Boyd of Cornell University. [11] [12] [13] [14] [15] DAC and SMILE employ the structured grid boundary element, while MONACO employs the unstructured triangular grid boundary element. Because this kind of boundary structures is related closely with computation grids, the information of the boundary surfaces should be distributed to the nodes of every grid. Therefore a large amount of storage memory is needed. The main shortcoming is that the computation grids should be quite restricted to the boundary shapes, while the shape is quite complex. Actually the DSMC method requires that the mesh size should be chosen according to the number of local gas molecules. While the boundary surface gets more complex, it grows more difficult to decide the mesh grid near the boundary.
The PWS (Plume WorkStation) software is proposed, which is developed by the research team of Beihang University, China. [16] [17] [18] It employs a decoupling method treat the boundary mesh. The boundary borders mainly interact with particles, and have no relation with the computational grids. It uses a two-level construction method to achieve the universality of the boundary conditions. The plume force and thermal effects on the explorer components in lunar landing are simulated using the PWS, involving two 150 N cushion engines working.
DSMC method and PWS software
The DSMC method is a direct simulation method for rarefied gas dynamics, which is based on the hypothesis of dilute gas. A large number of simulation particles are used to represent the large number of gas molecules in the actual flows. All particles have parameters of position, velocity, diameter and internal energy. Particles move and collide in every time step and the flow field parameters are finally statistically obtained based on the contribution of all the simulation particles.
PWS, a plume calculating software based on DSMC, has six main function modules: particle module (for storage of particle parameters), grid module, particle entry module, particle motion module, boundary module and particle collision module. To improve the calculation speed, a parallel module is also applied. The construction chart and communication among the modules are shown in Fig. 1 .
The software is universal, modularized and object-oriented. Every module has various options. The rectangular grid can be set as either equidistant or geometric. The kind of gas molecules can be larger than one. The collision models of gas molecules contain HS (Hard Sphere), VHS (Variable Hard Sphere) and VSS (Variable Soft Sphere). The internal energy is distributed by Larsen-Borgnakke method with consideration of vibrational and rotational freedom degree. The interaction model of gas molecules and solid wall can be chosen as specular reflection, diffuse reflection, Maxwell refection or CLL (Cercignani-Lampis-Lord) reflection models. The boundary condition can be combined by different shaped blocks with different reflection models. The parallel computation can be continued based on the results in store.
The complex combination of boundary blocks can be realized by using a two-level construction. All the complex surfaces of actual objects are found to be made up of simple surfaces or lines. These simple surfaces can then be divided into linear surface and quadratic surface. In numerical simulation, the structure of objects can be simplified and constructed with linear surface and quadratic surface.
For a 3D object, the construction function can be written as:
where x, y, z are the coordinate values; a, b, c, d, aa, bb, cc, ab, bc, ca are the function coefficients; the subscript i means the ith linear function; the subscript j means the jth quadratic function; n 1 means the total number of linear functions; n 2 means the total number of quadratic functions; the subscript 1 and 2, respectively note the coefficients for linear and quadratic functions. Usually the complex bodies can be divided into several simple convex bodies. Generation process for boundary conditions is as follows: (1) at first several often-used plane surfaces and curved surfaces are defined as basic elements; (2) then a convex body can be constituted with these simple plane surfaces or curved surfaces by using the ''and'' operator; (3) finally the complex object is obtained with several convex bodies by using the ''or'' operator.
In this way, the solid borders could be treated as combination of several basic types. Because the analytical expressions of plane surfaces and curved surfaces are obviously given, the particle position within or without the boundary blocks can be easily determined. Due to the decoupling character of boundary mesh and flow field mesh, the boundary block grid can be set at arbitrary sizes as the user likes.
The following shows an example of boundary construction. A cylinder is located on a plat surface. The expression for the plane (Block 1) is a 11 x þ b 11 y þ c 11 z þ d 11 6 0. The expressions for the side and underside of the cylinder (Block 2) are
is the radius of the cylinder. The aggregate of Block 1 and Block 2 forms the given boundary body as shown in Fig. 2 .
Because the cylinder goes through the plat surface, some grids of plat fall in the cylinder interior, which makes the efficient area of flat decrease. The modification method should be added to ensure the right interaction of gas molecules on the surface. At first a certain number of random points on the plat surface are generated. Then their positions are judged whether in or out of other blocks. The points beyond any other block are labeled as efficient points. The ratio of the efficient point number to the total point number is labeled as area modification coefficient. The modified grid area (see Fig. 4 ) is obtained by multiplying the original area (see Fig. 3 ) with the coefficient. The new center point of mesh grid can be averaged by all the effective points (see Fig. 5 ).
Verification
With the improved functions as described above, it is easy for PWS to construct a numerical simulation platform based on various actual problems. Two test cases are conducted to verify the particle collision and the interaction model of gas molecule and solid surface.
Particle collision
The experimental data of the seventh commissioning performed by Holden 19 in Calspan-University at Buffalo Research Center (CUBRC), are used as the correlating data. CUBRC is an experiment designed to measure the aerodynamic force and aerodynamic heat flow of a supersonic rarefied flow on a double cone. The shape of the double cone used in the experiment is shown in Fig. 6 . Fig. 7 shows the grid geometry of the double cone in the numerical simulation. The coming gas is chosen as N 2 , with a density of 1.757 · 10 À4 kg/m . A comparison test case is also computed to understand the effect of mesh grid. It is labeled as DSMC low , in which the mesh grid of 400 · 300. The grid size is 0.5 mm · 0.5 mm. Fig. 8 shows the comparison between the CUBRC data and the calculated results with PWS about the pressure on the double cone surfaces. Fig. 9 shows the comparison between the CUBRC data and the calculated results with PWS about the heat flow on the double cone surfaces. In the two figures, p s_c is the pressure on the surface of the double cone (Pa); q s_c is the heat flow on the surface of the double cone (W/m 2 ); x is the coordinate value (m) of the calculating point in the projection of the centerline, and the origin is the summit of the double cone.
As can be seen from Figs. 8 and 9 , the values of pressure and heat flow generated with PWS are identical with the CUB-RC results, with the maximum or minimum values more or less the same. Except for two points, the deviation of pressure between the calculated values and the CUBRC experimental results at other points is in the range of ±20% and the deviation of heat flow between them is between À30% and +10%, especially at the joints of the double cone. By comparing the results with experimental values, PWS is proved to be highly reliable.
The aerodynamic force results obtained at grid size of 0.2 mm (k/3-2k/3, where k is the molecular mean free path) agree well with that of 0.5 mm (>k). The heat flow results in two cases generally follow the same trend. Only the maximum value differs at some positions, and the peak value of heat flux is higher with the bigger grid size.
Gas-surface interaction
The air at the altitude of 350 km is quite rarefied, and the atmosphere flow is free molecular. The aerodynamic effect of free molecular flow on the simple-shaped objects can be given by the theoretical solutions. 1 The expression of aerodynamic force on the spherical surface is as follows:
where q is the gas density, U the gas velocity, r the sphere radius, r the thermal accommodation coefficient of gas-surface interaction; S ¼ U= ffiffiffiffiffiffiffiffiffi ffi 2RT p , is the gas speed ratio, R the gas constant, T the gas temperature; S w represents the gas speed ratio on the solid surface; erf(AE) is the error function.
The expression of aerodynamic force on the vertical surface is as follows:
where A is the surface area. The component ratio of air is given by the NRLMSISE00 atmosphere mode, and the gas constant is computed to be 451.85 m 2 /(s 2 AEK). The sphere diameter is set as 1.5 m, and air gas velocity is 7800 m/s. r is chosen to be 1.0. The computation region and mesh grid are shown in Fig. 10 . Local mesh refinement can be seen near the sphere.
The density of plume field is shown in Fig. 11 . Another case is computed by displacing the sphere with a cylinder. The density of plume field is shown in Fig. 12 .
As shown in Table 1 , the aerodynamic force is computed in this simulation. By comparing to the theoretical value, the relative error is about 1.2%. Relative error is computed as: Fig. 8 Comparison of the CUBRC data and the PWS solutions about the pressure on the double cone surface. Fig. 9 Comparison of the CUBRC data and the PWS solutions about the heat flux density on the double cone surface. Fig. 7 Grid geometry of the double cone in numerical simulation.
(simulation value À theoretical value)/theoretical value. The results express that the computation model of interaction of gas molecule and solid surface is feasible and precise.
Simulation

Calculation conditions
The diameters of nozzle throat and exit of 150 N engine are 11.7 mm and 117 mm. The nozzle exhaust expands directly into the vacuum. The gas parameters at the exit plane are computed by solving Navier-Stokes equations. Then DSMC method is used to calculate the outside plume field. The nozzle exit plane is used as the particle entry section for DSMC simulation. N 2 , H 2 O, H 2 , CO 2 and CO are chosen as stimulant molecules, and the mass ratios are given in Table 2 .
The normalized gas parameters at the nozzle exit are shown in Fig. 13 . The normalization parameters are chosen as follows: the gas density q 0 = 0.0025 kg/m 3 ; the gas pressure p 0 = 1000 Pa; the gas temperature T 0 = 3000 K; the axial gas velocity u 0 = 3500 m/s; the radial gas velocity v 0 = 400 m/s; the radial distance from the nozzle exit along the central axis R 0 = 0.058 m.
Fig. 14 is the distribution of gas Knudsen number Kn. The characteristic length is computed as follows: L ¼ q=ðdq=dxÞ: It can be observed that the maximum value is no larger than 0.015. So the exhaust flow falls into continuum flow region. It is reasonable to choose the exit plane as the interface of Navier-Stokes solution and DSMC method. The computation region of flow field is a complex 3D model. To reduce the large computation cost only 1/4 of the flow region is computed due to the structure symmetry. The computation region is set as 2 m · 2 m · 2.5 m. The nozzle exit is set at X = 1 m. The distance from the lunar ground is set as 1 m. The Moon has almost no atmosphere, so the lunar environment is taken as highly vacuum.
Flow field results
The 3D plume field of two 150 N engines is simulated. The lunar ground and the explorer surface are both taken as solid wall boundary. The wall temperature is set as invariably 300 K. The thermal accommodation coefficient is set as 1.0. Fig. 15 is the computation mesh grid of the explorer, the landfall legs and antenna.
Three slices are extracted to display the plume field results, as shown in Fig. 16 . The Slice A is just between the two 150 N engines and goes through the origin point. The Slice B goes through the both axis lines of two engines. The Slice C is perpendicular to axis Y and goes through the center point of the bottom disk of the landfall leg. Fig. 17 shows the pressure distribution on the Slice A. Fig. 18 shows the static temperature distribution on the Slice A. Fig. 19 shows the velocity distribution and streamlines on the Slice A.
The flow field of two engines is symmetrical. The nozzle exhaust expands freely at first and finally impacts on the lunar ground. The high-speed gas molecules reflect on the boundary, and are compressed. The maximum density of the plume field on the Slice B is 0.002 kg/m 3 , which appears near the nozzle exit. The maximum pressure, temperature, and velocity of the plume field on the Slice B all take place near the lunar ground. Their values are 1400 Pa, 3500 K, and 3000 m/s. The landfall legs also compress the gas flow, which can be clearly seen in Fig. 18 . Fig. 20 shows the pressure distribution on the Slice B. Fig. 21 shows the static temperature distribution on the Slice B. Fig. 22 shows the velocity distribution and streamlines on the Slice B. The maximum pressure of the plume field on the Slice B is 1300 Pa, which appears near the lunar ground. The maximum temperature of the plume field on the Slice B is 3500 K, which appears near the symmetrical surface of the explorer. The maximum velocity of the plume field on the Slice B is 3000 m/s, which appears near the lunar ground. Fig. 23 shows the pressure distribution on the Slice C. Fig. 24 shows the static temperature distribution on the Slice C. Fig. 25 shows the Mach number Ma distribution and streamlines on the Slice C. The gas flow near the Slice C mainly comes from the reflection flow on the lunar ground, because it is far from the nozzle exit. So the direction of streamlines goes from the lunar ground.
The maximum density and pressure of the plume field on the Slice C appear near the explorer bottom. Their values are 0.0003 kg/m 3 and 70 Pa. The maximum temperature of the plume field on the Slice C is 2400 K. The maximum velocity of the plume field on the Slice C is 1800 m/s. The maximum Mach number of the plume field on the Slice C is 1.6.
The compression effects of landfall legs can also be observed in the following figures. Because the area of bottom disk is relatively small, its influence is quite limited. The maximum values of gas density, pressure and temperature are respectively 0.00015 kg/m 3 , 55 Pa and 2000 K.
Plume aerodynamic effects
The contours of pressure and heat flux at the explorer surface are shown in Figs. 26 and 27. As shown in Fig. 23 of the Slice C, the gas pressure near the landfall legs and the protuberant border of explorer bottom is much higher than the surrounding region. As a result on the explorer surface the gas pressure shows the same result. There are four regions at the bottom with higher pressure, which is clearly induced by the existence of four landfall legs. The maximum value of all explorer parts is just on the legs themselves. The heat flux distribution follows the same rules as pressure.
The Table 3 .
The pressure and heat flux of points P 3 and P 5 located near the landfall legs are both about three times of that of P 1 and P 4 . The heat flux of point P 1 is smallest because it is located in the backflow region of two engines.
The 
Conclusions
(1) The PWS software based on DSMC method was developed by the research team of Beihang University. The main difference with other mature software is that a decoupling method is utilized to treat the boundary mesh, which has no relation with the computational grids. For the complex structure of the boundary blocks it is more convenient to determine the size of boundary mesh. Test cases are conducted to verify the particle collision and the interaction model of gas molecule and solid surface. The simulation results are compared with the experimental data and the theoretical values, which shows that the computation models are feasible and precise. (2) The plume aerodynamic effects of two 150 N cushion engines of lunar explorer, which is located at 1 m far from the lunar ground, were numerically simulated by PWS software. The involved components include explorer itself, cushion engines, landfall legs and the antenna, of which the boundary blocks are quite complex. The 3D plume field of two 150 N engines is simulated. Three slices are extracted to display the plume field results. The nozzle exhaust expands freely at first and finally impacts on the lunar ground. The high-speed gas molecules reflect on the boundary, and are compressed. The compression effects of landfall legs can also be observed. There are four regions at the bottom with higher pressure, which is clearly induced by the existence of four landfall legs. The maximum value of all explorer parts is just on the legs themselves. The heat flux distribution follows the same rules as pressure. Plume aerodynamic effects of cushion engine in lunar landing
